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advantages of compactness and simplicity of design, which
make it suitable in radar and satellite communications.
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ABSTRACT: A printed triangular patch antenna disposed in a small
notch at one corner of the system ground plane of the handheld commu-
nication device such as the smartphone, tablet computer, and phone tab-
let for long term evolution/wireless wide area network (LTE/WWAN)
operation is presented. The small notch has a size of 10 X 20 mm’ only,
and two tips of the triangular patch disposed therein are in close prox-
imity to two adjacent perpendicular edges of the notch. The two tips are
the antenna’s two feeds for achieving LTE/WWAN operation. Each tip
can be connected to an ON/OFF switch (e.g., a PIN diode) such that
the antenna can be controlled to be fed at either the first or the second
tip. When fed at the first tip, the antenna will operate in a high-

frequency band (1710-2690 MHz) to cover the GSM1800/1900/UMTS/

LTE2300/2500 operation. When fed at the second tip and aided by a
matching circuit, the antenna will operate at a low-frequency band
(824-960 MHz) to cover the GSM850/900 operation. Design considera-
tions of the proposed antenna are described. Parametric studies and
experimental results of the antenna are presented and discussed. © 2013
Wiley Periodicals, Inc. Microwave Opt Technol Lett 55:2767-2773,
2013; View this article online at wileyonlinelibrary.com. DOI 10.1002/
mop.27910

Key words: mobile antennas; long term evolution/wireless wide area
network antennas; small antennas; smartphone antennas, tablet com-
puter antennas

1. INTRODUCTION

For modern handheld communication devices such as the smart-
phone, tablet computer, and phone tablet with a slim profile or
very thin thickness, the internal long term evolution/wireless
wide area network (LTE/WWAN) antennas embedded therein
are accordingly required to be of small size and low profile as
well. Further, to achieve wideband or multiband operation, the
embedded antennas are required to be disposed in a clearance or
no-ground region of the system circuit board [1-4]. In this case,
an isolation distance between the antenna’s metal pattern and
the nearby ground plane is also required to minimize the cou-
pling effects of the ground plane on the impedance matching of
the embedded antenna. This requirement requires an additional
board space for the embedded antenna and hence increases the
total occupied volume of the embedded antenna inside the hand-
held device.

To decrease or minimize the antenna’s total occupied volume
which comprises the antenna’s metal pattern and the required
isolation space, it becomes attractive that the embedded
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Figure 1 Geometry of the on-board printed dual-feed triangular patch antenna for the LTE/WWAN application in a smartphone. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]

antennas can be closely integrated with the system ground plane
of the handheld device. Some promising WWAN antennas that
are capable of close integration with nearby ground plane in the
mobile handset have been reported [5—11]. In Ref. 5, the penta-
band WWAN antenna (824-960/1710-2170 MHz) is an on-
board printed coupled-fed loop antenna disposed in a small no-
ground region (15 X 25 mm?) of the system ground plane. The
antenna is closely integrated with the nearby ground plane, and
there is generally no isolation space required between the anten-
na’s metal pattern and the nearby ground plane such that the
antenna’s total required board space on the system circuit board
is decreased. Similar design considerations applied to a small
notch at a corner [6-8] or in the middle [9-11] of an edge of
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the handheld device system ground plane have also been
reported. Such internal antennas have the advantages of close
integration with associated electronic elements such as the USB
connector which serves as a data interface with external devices
[12-16]. This advantageous property can lead to compact inte-
gration of the embedded antennas inside the handheld devices.
In this article, we report an on-board printed dual-feed trian-
gular patch antenna that can be disposed in a small notch (10 X
20 mm?) at one corner of the system ground plane of the hand-
held device such as the smartphone, tablet computer, and phone
tablet for the LTE/WWAN operation. The antenna size or the
notch size is only about 53% of the reported antennas in Refs. 5
and 6 in which the antennas have a planar structure and are
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Figure 2 Equivalent circuits for port-1 excitation (switch-1 ON,
switch-2 OFF) and port-2 excitation (switch-1 OFF, switch-2 ON).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

printed on-board inside a notch of size 15 X 25 mm?”. The
much smaller antenna size makes the proposed antenna more
attractive for modern slim handheld device applications.

In the proposed antenna, the two tips of the triangular patch
are in close proximity to two adjacent perpendicular edges of
the small notch. The two tips are the antenna’s two feeds for
achieving LTE/WWAN operation. Each tip can be connected to
an ON/OFF switch (e.g., a PIN diode for the switch [17-19])
such that the antenna can be controlled to be fed at either the
first or the second tip. To simplify the manufacturing process
and focus on the operating principle of the proposed antenna,
the switching diode is simulated as a metal strip for its ON state
(forward-biased state) and as an open gap for its OFF state
(reverse-biased state) [19,20]. The obtained results for the
antenna with the PIN diodes have also been reported to show
small variations as compared to the same antenna using a con-
ducting strip to mimic the PIN diode [19].

When the antenna is fed at the first tip, it will operate in a
high-frequency band of 17102690 MHz to cover the
GSM1800/1900/UMTS/LTE2300/2500 operation. Conversely,
when the antenna is fed at the second tip, it will operate in a
low-frequency band of 824-960 MHz to cover the GSM850/900
operation, although the triangular patch can provide a maximum
resonant path of 30 mm only (about 0.09 wavelength at 900
MHz). The excitation of the wideband resonant mode in the
desired low-frequency band is mainly owing to the use of a
matching circuit [21] which includes the use of a series induct-
ance to shift the resonant mode to be at about 900 MHz, a band-
pass matching circuit of shunt inductance and capacitance to
achieve dual-resonance excitation for bandwidth enhancement,
and a series capacitance to fine adjust the impedance matching
of the excited dual-resonance mode. Hence, with a very small
total occupied size of 10 X 20 mm? which includes the antenna
and its required clearance, the antenna with a planar structure in
this study can provide two operating bands of 824-960 and
1710-2690 MHz for the LTE/WWAN operation. Details of the
proposed antenna are described, and design considerations and
experimental results of the proposed antenna are presented.

2. PROPOSED ANTENNA

Figure 1 shows the geometry of the proposed printed dual-feed
triangular patch antenna for the LTE/WWAN application in a
smartphone. The triangular patch is printed inside a small notch
of 10 X 20 mm? at a corner of the system ground plane of the
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Figure 3 Simulated return loss with and without the matching circuit

for port-2 excitation. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

smartphone. The two side edges of the triangular patch are 10
and 20 mm in length and are flushed to the two adjacent edges
of the corner. The system ground plane in this study is simu-
lated as the printed ground plane on the back surface of a 0.8-
mm thick FR4 substrate of size 130 X 60 mmz, which are rea-
sonable dimensions for modern smartphones.

The two tips (point A and B) of the triangular patch are the
antenna’s two feeds for achieving LTE/WWAN operation. Point
A is connected to switch-1 for port-1 excitation to cover the
high-band operation of 1710-2690 MHz, whereas point B is con-
nected to switch-2 and a matching circuit for port-2 excitation to

0
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o)
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E 20
E ——, -B~ Proposed (triangular patch)

— -8 Ref-4 (inverted-L strip)
30
500 1000 1500 2000 2500 3000

Frequency (MHz)

Figure 4 Simulated return loss for the proposed antenna and the case
with an inverted-L strip. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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(b) port-2 excitation

Figure 5 Photos of the fabricated antenna; the switches to be connected
to the two tips of the printed triangular patch are replaced by a 2-mm
long metal strip for the ON state and a 2-mm long gap for the OFF state.
(a) Port-1 excitation and (b) port-2 excitation. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com]

cover the low-band operation of 824-960 MHz. The equivalent
circuits for port-1 and port-2 excitation of the proposed antenna
are shown in Figure 2. The matching circuit includes a series
inductor of Ly and L;, a band-pass matching circuit of shunt
inductor Lg and shunt capacitor C;, and a series capacitor C,.
The series inductors of Ly and L; are used to shift the antenna’s
fundamental resonant mode to occur at about 900 MHz. Note
that a single low-loss chip inductor of about 16.2 nH is also suita-
ble to replace Ly and L, in this study. The distributed inductor Ly
is formed by a long, narrow strip of length about 34 mm printed
inside the notch, which has an equivalent inductance of about
10 nH. With the presence of Ly, a chip inductor of lower induct-
ance 6.2 nH (L;) can be used. In this case, simple chip inductors
can be applied as the possible ohmic losses associated with the
chip inductor with a smaller inductance is generally small, and its
effects on the antenna efficiency can be neglected.
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For the shunt inductor Lg (~0.65 nH) and shunt capacitor C,
(6.8 pF), they can lead to a dual-resonance excitation of the reso-
nant mode at about 900 MHz, hence resulting in bandwidth
enhancement of the antenna’s low-band operation. Note that, as the
required shunt inductance is small (less than 1 nH), a simple short-
ing strip can be applied as shown in Figure 1 to provide an equiva-
lent inductance of about 0.65 nH required in the proposed design,
and an additional chip inductor is not necessary. The series capaci-
tor C, (15 pF) is used for fine-adjusting the impedance matching of
the dual-resonance excitation of the resonant mode at about 900
MHz such that the desired low band can cover the GSM850/900
operation (824-960 MHz). Detailed effects of the matching circuits
will be analyzed with the aid of Figure 3 in Section 3.

For port-1 excitation, no matching circuit is required, and the
excited fundamental resonant mode of the triangular patch can
provide a wide bandwidth to cover the GSM1800/1900/UMTS/
LTE2300/2500 operation (1710-2690 MHz). It should be noted
that when using a patch with a smaller width (e.g., an inverted-
L strip as studied in Fig. 4 in Section 3) to replace the triangular
patch in the proposed design, the bandwidth of the antenna’s
high-band operation will be greatly decreased and cannot cover
the desired operating band of 1710-2690 MHz. The related
results will be discussed in Section 3 with the aid of Figure 4.

It is also noted that as reported in Ref. 19, the switches are
suitable to be simulated as a conducting strip for its ON state and
as an open gap for its OFF state to simplify the study. Hence, for
port-1 excitation, switch-1 in the ON state is simulated as a 2-mm
long metal strip, with switch-2 in the OFF state simulated as a
2-mm long gap [see the photo of the fabricated antenna in Fig.
5(a)]. For port-2 excitation, switch-1 in the OFF state is simulated
as a 2-mm long gap, with switch-2 in the ON state simulated as a
2-mm long metal strip [see the photo of the fabricated antenna in
Fig. 5(b)]. The experimental results and parametric studies of the
proposed design are presented in the next section.

3. RESULTS AND DISCUSSION

The fabricated antennas shown in Figure 5 were tested. Figure 6
shows the measured and simulated return loss for port-1 and
port-2 excitation. The simulated results are obtained using the
full-wave electromagnetic field simulator HESS version 14 [22].
Good agreement between the measured data and simulated
results is observed. The low-band operation controlled by port-2
excitation covers the GSM850/900 operation (the shaded fre-
quency range at about 900 MHz in the figure), whereas the
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Figure 6 Measured and simulated return loss for port-1 and port-2
excitation. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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Figure 7 Measured antenna efficiency (return losses included) of the
fabricated antenna. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

high-band operation controlled by port-1 excitation covers the
GSM1800/1900/UMTS/LTE2300/2500 operation (the shaded
frequency range at higher frequencies in the figure). Over the
operating bands, the impedance matching is better than 6 dB
(3:1 VSWR), which is widely used as the design specification
for internal LTE/WWAN antennas.

The measured antenna efficiency which includes the return
losses is shown in Figure 7. It is seen that the antenna efficiency
in the low band and high band is about 50-55% and 55-90%,
respectively, which is acceptable for practical smartphone appli-
cations. It is also noted that for port-2 excitation, a resonant
mode at about 1.6 GHz outside the desired high band is excited,
which is mainly owing to the printed long narrow strip for the
distributed inductor to be parasitically excited. This resonant
mode at about 1.6 GHz does not affect the high-band operation
of the antenna.

Figure 8 shows the measured radiation patterns of the fabri-
cated antenna. The full three-dimensional radiation patterns and
cross-sectional views seen in the y-z plane are shown. At 900
MHz, a dipole-like radiation pattern is seen. This indicates that
the surface currents excited on the system ground plane still
dominate the radiation at lower frequencies, which is similar to
the observations at lower frequencies at about 900 MHz for

| 3-D far-field radiation pattern |

full 3-D
pattern

.
X/L‘Y
y-z plane

cross-sectional view

05 900 MHz
-20
2000 MHz Erezes
(dBi) i
3
-85
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Figure 8 Measured radiation patterns of the fabricated antenna. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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Figure 9 Simulated return loss for the proposed antenna with different
ground plane sizes. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

traditional handset antennas [23]. At 2000 and 2500 MHz, the
representative frequencies in the high band, the radiation pat-
terns show relatively stronger radiation in the +y direction,
although the antenna is disposed at the corner facing the —y
direction. This also suggests that the surface currents excited on
the system ground plane still contribute greatly to the measured
radiation patterns, even at frequencies in the high band. It is
noted that for practical applications, owing to the small size of
the proposed LTE/WWAN antenna, a second antenna can be
disposed in a second small notch at the lower left corner facing
the +y direction to form an antenna array to perform diversity
operation or LTE multi-input multioutput operation [13].

Effects of the matching circuit are also analyzed. Figure 3
shows the simulated return loss with and without the matching cir-
cuit for port-2 excitation. Ref-1 is for the case without the match-
ing circuit. Ref-2 is for the case with the series inductor of L4 and
L, only, whereas Ref-3 is for the case with L4, L,, and the shunt
elements Lg and C only. For Ref-1, it is seen that the excited res-
onant mode occurs at about 2 GHz in the high band, far from the
desired frequencies at about 900 MHz. This is because the maxi-
mum resonant length provided by the triangular patch is 30 mm
only, far less than the required 0.25 wavelength of the frequencies
in the desired low band. With the presence of Ly and L, (Ref-2), a
resonant mode can be generated at about 900 MHz. With the aid
of further adding Lg and C; (Ref-3), dual-resonance excitation for
this resonant mode can be obtained, and the obtained bandwidth is
wide enough for the desired low band. The dual-resonance excita-
tion is similar to those obtained using a parallel-resonance spiral
slit or strip [24,25] or a bandstop matching circuit [26,27] for
bandwidth enhancement. Finally, the adding of C, (proposed
design) can improve the impedance matching of the obtained low
band for Ref-2.

Effects of the ground plane dimensions on the proposed
antenna are also studied. Figure 9 shows the simulated return
loss for the proposed antenna with different ground plane sizes.
Results for two different ground planes (size 150 X 180 mm?>
and 150 X 230 mm? for tablet computers or phone tablets) other
than the one shown in Figure 1 are presented. Small variations
in the return loss for both port-1 and port-2 excitation are seen.
This suggests that the proposed antenna is not sensitive to the
ground size variations, which makes it easy to be applied to
smartphones or tablet computers or phone tablets.

Figure 4 shows the simulated return loss for the proposed
antenna with a triangular patch and the case with an inverted-L
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strip (Ref-4). Small variations in the return loss for low-band
operation are observed. This suggests that the wideband opera-
tion of the low band is mainly owing to the matching circuit
added for port-2 excitation. For the high band, however, large
variations in the impedance matching are seen, and the obtained
bandwidth for Ref-4 is much smaller compared to the proposed
antenna. This indicates that the use of a triangular patch which
has a much wider strip width than the inverted-L strip can lead
to the excitation of a wideband resonant mode to cover the
desired high-band operation.

4. CONCLUSION

A dual-feed triangular patch antenna disposed in a small notch at
one corner of the handheld device system ground plane for the
LTE/WWAN operation has been proposed. The proposed antenna
has a simple structure and a small size as well, yet it can provide
two wide operating bands to cover the 824-960 and 1710-2690
MHz bands for the LTE/WWAN operation. The notch has a small
size of 10 X 20 mm? only, which is enough to accommodate the
triangular patch and provide the required clearance for the antenna
to the adjacent system ground plane. The operating principle of
the proposed antenna has been discussed, and the measured results
of the fabricated antenna have also been presented. The obtained
antenna performances including the impedance matching and
antenna efficiency in the desired low-band and high-band opera-
tions are acceptable for practical applications in the smartphones
or tablet computers or phone tablets.
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ABSTRACT: An ultra-low-leakage RF-pulse former capable of produc-
ing very narrow RF pulses with small rising and falling time for short-
range high-resolution radar and high-data-rate communication systems
is developed using 0.18-pm BiCMOS technology. The narrow RF pulses
are produced from a continuous-wave RF signal by gating a high-speed
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single-pole single-throw switch implemented with small gate-resistors.
The RF-pulse former exhibits an extremely low RF leakage implement-
ing the RF leaking suppression technique, in which the RF leaking sig-
nal is cancelled by combining with its replica using an active balun.

In addition, the active balun also amplifies the gated RF pulses hence
providing gain for the RF-pulse former. A graphical analysis based on
the insertion loss and isolation contours, enabling selection of the opti-
mum sizes for transistors in the series-shunt switches, is also presented.
From 31 to 37.1 GHz, the designed RF-pulse former exhibits —1.9 dB
(loss) to 1.1 dB (gain) and 14.5-30-dB input return loss. The output
return loss is higher than 10 dB from 33 to 35.9 GHz. From 30 to 40
GHz, the isolation is higher than 40 dB and, especially at 34 GHz, the
isolation reaches 70 dB. The rising and falling times were measured as
136 and 70 ps, respectively. Very narrow RF pulses of 200 ps have been
generated. The RF-pulse former consumes a 7.3 mA from a 1.8-V power
supply and occupies a chip area of 0.225 mm?. © 2013 Wiley Periodi-
cals, Inc. Microwave Opt Technol Lett 55:2773-2777, 2013; View this
article online at wileyonlinelibrary.com. DOI 10.1002/mop.27931

Key words: RF-pulse former; pulsed radar; switch; BICMOS; radio fre-
quency integrated circuit

1. INTRODUCTION

RF-pulse formers, based on time-gated STSP switches, are one of
the most critical components in short-range, high-resolution pulse
radar, and high-data-rate communication systems. RF-pulse for-
mers with small switching time and high isolation are desirable
for high range-resolution, accuracy, and receiver’s dynamic range
(hence detection range) in radar systems. Short-range high-resolu-
tion RF-pulse-based radar systems, such as those for automotive,
are required to detect objects from few centimeters to several
tens of meters in range with range accuracy and resolution
smaller than 10 cm [1]. This leads to the need of RF-pulse for-
mers capable of producing very narrow RF pulses with small ris-
ing and falling time. For communication systems, narrow RF
pulses are needed to transmit and receive data at high rates. In
addition, the RF-pulse formers in the transmitters are also
required to have a very high isolation so that the transmitting sig-
nals can comply with the regulated spectrums and the system’s
dynamic range can be enhanced. It is desirable to have low inser-
tion loss or possible gain for the RF-pulse formers as well.
Various fully integrated short-range radar systems, based on
different techniques including impulse, RF pulse, and time cor-
relation receiver using different technologies of III-V semicon-
ductor, SiGe, CMOS, and BiCMOS, have been reported [1-4].
These systems use different transmit and receive antennae, with
the transmitter (TX) and receiver (RX) located either on the
same chip or different chips to maximize the system dynamic
range. In order to reduce the system’s cost and size, one antenna
for both transmission and reception should be used along with a
high-isolation T/R switch (or circulator) and RF-pulse former.
RF-pulse formers having ultrahigh isolation are highly desired
for systems. To illustrate the need of high-isolation RF-pulse for-
mers, we consider in Figure 1 a time-gated correlation transceiver
architecture using one antenna for short-range radar systems,
which is modified from the architecture presented in Ref. 1. The
power amplifier (PA) may be on all the time for short-range and
high-resolution applications. The operation of the transceiver is
controlled by the TX-pulse and RX-pulse signals. In the transmis-
sion mode, a very narrow RF pulse, setting the range resolution
for the system, is produced from the TX RF-pulse former by gat-
ing the signal from the continuous wave (CW) source, amplified
by the PA, passes through the T/R switch, and transmitted by the
antenna. In the reception mode, the reflected RF pulse from the
target, after captured by the antenna and amplified by the low
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